Volcán de Fuego (Guatemala) erupted explosively with unusual intensity, producing wide-spread ash dispersal and pyroclastic flows of N11 km length, which destroyed a community on Fuego's flanks, causing hundreds of fatalities. Here, we analyze satellite measurements of the SO 2 plume emitted during the most intense eruptive phase. Key eruption parameters including the injection height and SO 2 flux time-series indicate a degassing intensity at least three orders of magnitude above baseline levels. Our results suggest a steady~2.5 hour climactic paroxysmal phase of the eruption with a mass eruption rate of~1.4kg s −1 based on the combination of plume height estimates and an eruption column model, producing 0.03 ± 0.004 km 3 of tephra. We detect at least 130 kt of emitted SO 2 from satellite images, producing a minimum dissolved magmatic sulfur concentration of 500 ppm. Possible source mechanisms are discussed, which may be useful in assessing the risks posed by future large-magnitude eruptions to the large populations that live on Fuego's flanks. This study shows that even under challenging conditions of a tropical atmosphere during the rainy season, vital eruption parameters to constrain source mechanisms of eruptions can be retrieved from satellite remote sensing data.
Introduction
On 3 June 2018 at noon UTC, the Guatemalan scientific monitoring agency Instituto Nacional de Sismología, Vulcanología, Meteorología e Hidrología (INSIVUMEH) reported in a special bulletin the beginning of an eruption at Volcán de Fuego (Fuego volcano, Guatemala). At 17:30 UTC the eruption intensified, with ash plumes rising to at least 9km a.s.l (Global Volcanism Program, 2018a) . A series of large pyroclastic flows were generated, traveling N11 km down Barranca Las Lajas and destroying the Las Lajas bridge on National Route (RN) 14 and the community of San Miguel Los Lotes. Official figures state hundreds of fatalities (at least 190) and people missing, while thousands of people were evacuated (Global Volcanism Program, 2018a, b; CONRED, 2018) . According to VAAC bulletins and satellite observations, the most intense phase of the eruption took place between 17:30 and 20:00 UTC on 3 June 2018.
The 3763 m high Fuego volcano is located at 14.47°N, 90.88°W ( Fig. 1) , part of the Central American Volcanic Arc (Chesner and Rose, 1984) and classified as a basaltic to basaltic-andesitic arc volcano (Rose et al., 1978; Sisson and Layne, 1993; Lyons et al., 2010) . Fuego has produced at least 50 significant eruptions in the last 500 years (Davies et al., 1978) , but its activity is dominated by persistent Strombolian activity with eruption of mafic lava (Chesner and Rose, 1984) . Compared with all other Fuego eruptions, the 3 June 2018 eruption of Fuego is unprecedented within the 20th -21st centuries in terms of the number of human casualties it caused (Witham, 2005) , and within the current (1999-present) eruptive regime for the intensity of the eruption (Naismith et al., 2019) . Gaining insight into the mechanisms that produced this eruption is of importance to contextualize the eruptive event within the longer life cycle of Fuego's behavior, and to aid understanding of its behavior in the near future.
To that end satellite remote sensing is a very valuable technique as it provides regular monitoring data from a safe distance. This makes it suitable to eliminate biases caused by observational gaps in space and time, which is of great importance in volcanology. Satellite monitoring of volcanoes has proven to be beneficial both for monitoring and for concerns of public safety including decision-making processes, especially for volcanoes challenging to reach or poorly monitored. This can clearly be seen in recent applications of satellite remote sensing to monitoring Fuego itself (Webley et al., 2008; Lyons et al., 2010) . As a magmatic gas that is directly linked to processes in the magmatic plumbing system, which is furthermore relatively easy to resolve from space, SO 2 is of high informational value for remote volcano monitoring (Carn et al., 2016) . Indeed, ultraviolet (UV) and infrared (IR) sensors onboard satellite platforms are currently employed for the daily detection of volcanic SO 2 emissions. SO 2 can be measured in the UV spectra by OMI (Ozone Monitoring Instrument), GOME-2 (Global Ozone Monitoring Experiment-2) and OMPS (Ozone Mapping and Profile Suite), while measurements in the IR bands are done by MODIS (Moderate Resolution Imaging Spectroradiometer), AIRS (Atmospheric Infrared Sounder), IASI (The Infrared Atmospheric Sounding Interferometer), VIIRS (Visible Infrared Imaging Radiometer Suite) and CrIS (Cross-track Infrared Sounder). Together they can provide up to 18 daily SO 2 acquisitions.
In this work, measurements from IASI are used to retrieve SO 2 flux and injection height time-series during the most intense phase of the Fuego eruption. Plume height above the vent is then used as input to invert for mass eruption rate (MER), which, together with the atmospheric SO 2 loading, allows inferring the amount of magmatic sulfur (S) dissolved in the melt driving the eruption. The latter is a key piece of information to constrain the triggering mechanisms of the eruption. Based on this initial evidence and on previous observations and analysis of eruptive activity at Fuego volcano, an initial source mechanism for the recent eruption is discussed. Petrological analysis of eruption products is needed to arrive at a definite initial S content. However, this work demonstrates that satellite remote sensing data combined with eruption column models provide an additional independent constraint, with the advantage of quantifying the total S content present during the eruption process (e.g. Pardini et al., 2018) .
Materials and methods
Quantifying SO 2 mass emission rates (flux) during continuous and eruptive degassing alike may provide crucial insights into volcanic processes, support volcanic hazard mitigation plans and help in quantifying the impact of volcanic eruptions on the environment and climate (e.g., Heard et al., 2012; Flemming and Inness, 2013; Sears et al., 2013; Theys et al., 2013) . Satellite imagery of volcanic SO 2 plumes provides vertical columns (VCs), which are a valuable resource to that end. The retrieval of SO 2 vertical columns from UV and IR satellite measurements is done through algorithms optimised for the different sensors and quantification challenges, including the requirement to detect passive degassing at low heights or in explosive eruptions with large SO 2 yields. To perform accurate SO 2 retrievals, these algorithms require an a-priori estimate of the altitude at which SO 2 is located. To solve for SO 2 plume height, dedicated satellite retrievals both in the UV (Rix et al., 2012; Efremenko et al., 2017) and IR (Clarisse et al., 2014; Carboni et al., 2016) have been developed. With these algorithms, both plume height and SO 2 VCs can be computed. However, plume height is usually not available in real time and SO 2 VCs are computed for a set of assumed plume altitudes.
For the present study we used satellite observations acquired by IASI. There are currently two IASI instruments in operation: one on MetOp-A satellite and another on MetOP-B. Both operate in tandem on a polar orbit with a spatial resolution of~12 × 12 km 2 , providing global observations twice a day. We used observations acquired by MetOp-A and MetOp-B on 4 June 2018 at about 03:00 UTC (21:30 local time on 3 June 2018), hence about 9 h after the eruption had begun its climactic paroxysmal phase. The SO 2 vertical columns used here have been produced by applying the retrieval algorithm presented in Clarisse et al. (2012) . The data product contains seven images with VCs corresponding to the following plume heights (asl): 5 km, 7 km, 10 km, 13 km, 16 km, 19 km and 25 km (see Supplementary materials, Text S1). Fig. 2 shows the VCs for the 19 km level, which approximately represents the altitude of the plume. If an assessment of plume height is available (e.g., through independent observations and/or measurements), VCs can be corrected for plume height by interpolating the set of VCs at the assessed plume altitude. To that end, numerical models applied to SO 2 images (Hughes et al., 2012; Heng et al., 2016) allow computing SO 2 plume height and thus correcting VCs. Here, to constrain plume height, we employed an alternative method called PlumeTraj which consists in a pixel-based trajectory analysis of an SO 2 cloud. Details of this approach can be found in Pardini et al. (2017 Pardini et al. ( , 2018 and in the Supplementary materials. Thus, only a brief summary is given here. A trajectory analysis is performed on the individual pixels composing the SO 2 cloud through the Hybrid Single-Particle Lagrangian Integrated Trajectory model, HYSPLIT (Stein et al., 2015) . The outcomes of the trajectory computation are then used to compute the following parameters: the height (above sea level, asl) at which the SO 2 is located at satellite measurement time instant (hereafter plume height), the height at volcanic vent location at which the prevailing atmospheric current starts to disperse the gas into the atmosphere (hereafter injection height) and the time when the SO 2 reaches the injection height (hereafter injection time). All three quantities are 2D quantities and solved for the plume pixels only. The satellite data (containing an ensemble of images corresponding to VCs computed assuming a fixed number of SO 2 plume heights) is then corrected using the retrieved plume heights; i.e., the VCs are interpolated using the retrieved plume heights. From the three quantities and the corrected VCs for each plume pixel, the SO 2 load is computed. Since each pixel is associated with an injection time, a flux time-series can be derived by the algorithm. Furthermore, from the injection plume height time-series, PlumeTraj estimates the mass emission rate (MER) and the mass of solid erupted material (M) by applying the well-known relationship between plume height and MER (Morton and Turner, 1956 ). To validate our numerically retrieved SO 2 plume height, we compared our results with those obtained by applying the plume height retrieval scheme based on infrared spectra presented in Clarisse et al. (2014) . For the present case study, meteorological data from the Global Forecast System (GFS) with quarter degree resolution (~25 km) was obtained from the website of the National Oceanic and Atmospheric Administration (https://www.ready.noaa.gov/archives.php). Following the resolution of the meteorological data, all satellite data are interpolated onto a 0.25°grid (about 25 km, Fig. 2 ).
Before running the trajectory analysis we used HYSPLIT in dispersion mode to allow for a better constraint on plume height (see Supplementary material, Text S2). Only then the actual back-trajectory analysis was performed using these constraints on plume height; that is, the backward trajectories were initialized from 7000 to 20,000 m only (see Supplementary material, Text S3) . Finally, to test the consistency of our results, a further dispersal simulation was done using the numerically retrieved injection heights and SO 2 flux time-series as input values (Supplementary materials, Text S4).
Although widely used and a good approximation, the analytical relationship of Morton and Turner (1956) may provide quite inaccurate MER for real world plumes (Mastin et al., 2009) . For an independent constraint on the MER, which helps to verify the trajectory model results, the integral column model PLUME-MoM was used (de . An inversion procedure was applied to PLUMEMoM to compute the best-fit MER starting from the plume height at the vent as retrieved by PlumeTraj. An uncertainty quantification technique has been implemented in the inversion procedure to assess the influence that input uncertainties (i.e., plume height to invert, gas content of the eruptive mixture, etc.) have on final MER (Supplementary materials, Text S5).
Results
Using PlumeTraj with pre-constrained initialization heights, as described above, allowed a more precise retrieval of the plume heights than an unconstrained initialization. Fig. 3 shows the retrieved plume heights, injection heights and injection times for the pixel of MetOp-B data (Fig. S6 , Supplementary materials, for the corresponding results for MetOp-A). The injection heights (i.e., the initial plume bases) range between 13 and 20 km (Fig. 3b) , and are associated with uncertainties around 1 km. Uncertainties (standard deviations, STD, Fig. 3d f) were computed following the scheme detailed in Pardini et al. (2017) and are an estimate of how accurately the trajectories corresponding to a plume pixel originate from the vent. For comparison, plume heights retrieved with an independent algorithm (Clarisse et al., 2014) are shown in Fig. 3c (Fig. S6 for MetOp-A). Most heights agree with the plume heights from PlumeTraj within 1 STD, some (e.g., Northeastern part) within 2 STD. Fig. 4a and b show the SO 2 flux and injection height time-series for both MetOp-A and B data. Both MetOp-A and MetOp-B SO 2 flux time-series agree during the 2.5 h emission period with 13 ± 0.7 kt of SO 2 totally emitted. The symmetric shape of both time-series suggests a rapid increase in SO 2 flux peaking at 2400 kg s −1 at 18:30 UTC, after~1 h of the short (~2.5 h) climactic paroxysmal phase of the eruption. While the eruption began at~06:00 UTC, the initial activity was not detected by IASI for reasons detailed in the Discussion or because the SO 2 load emitted was below IASI's detection ).
limit. The retrieval algorithm used for the IASI data is associated with an approximate SO 2 detection limit of 0.5 DU on a per pixel basis . The mean injection height during the eruption (Fig. 4b ) of around 17.5 km asl varies only moderately with time, indicating a direct injection of volcanic volatiles at the tropopause level. The retrieved MER of 1.17 ± 0.14 × 10 7 kgs −1 was used to compute a dense rock equivalent (DRE) of 0.03 ± 0.004 km 3 (Table 1) , assuming a magma density of 2830 kg m −3 , as determined for Fuego volcano (Whittington et al., 2013) . The erupted solid mass of~100 Mt and the total erupted SO 2 mass of 13 kt suggest an SO 2 content of~0.013 wt%, equivalent to 65 ppm S (Table 1) . Using the injection height time-series obtained from PlumeTraj, PLUME-MoM was used to invert for MER (Fig. 4c) . The mean over all MER gives 1.39 ± 0.33 × 10 7 kg s −1
, in reasonable agreement with the MER previously computed by PlumeTraj (Table 1) . DRE and SO 2 content inferred from PLUME-MoM inversion are 0.04 ± 0.01 km 3 and 0.01 ± 0.002 wt% respectively. The latter is equivalent to 50 ppm of magmatic S. While care has been taken to obtain an accurate estimate of MER it should be noted that for tropical eruptions, such as the present event, atmospheric instability, high moisture content and convection can generate significant plume altitudes from relatively low MERs. The paroxysmal phase of the June 2018 Fuego eruption occurred around noon in the tropics, so it is likely that atmospheric instability (latent heat, etc.) influenced the plume altitude. This is not accounted for by PLUME-MoM. Hence, MER and DRE in Table 1 likely represent an upper limit and the S content a lower limit. This is detailed in the Discussion section below.
Discussion
To increase accuracy of the retrieved SO 2 burden and MER, a strategy could be to use all available passages of all satellites and to reconstruct a time-lapse evolution of SO 2 flux near the source, which could enable detecting major atmospheric sinks such as scavenging. Indeed, a number of UV and IR sensors onboard satellite platforms are currently employed for the daily detection of volcanic SO 2 (McCormick et al., 2013) and they can provide multiple SO 2 acquisitions per day. However, depending on the atmospheric conditions at a given pixel location and the instrument type (e.g., spectral region), the precision and accuracy of these estimates will to some extent still suffer from atmospheric effects, e.g., cloud cover or light dilution by volcanic ash. The eruption of Fuego, a volcano in a moist and instable tropical atmosphere, poses a challenge for optical satellite remote sensors, such as due to interference from clouds. Indeed, our estimates of S content of 50 to 65 ppm (Table 1) appear very low for a basaltic arc volcano (Wallace, 2001 ) and much lower than those reported by authors studying the 1974 eruption. Lloyd et al. (2013 Lloyd et al. ( , 2014 report melt inclusion data with peak S content of 2500 ppm for the most intense 17 October 1974 eruption, whose plume reached a similar height to the June 2018 event. Ash composition (Rose et al., 1978) , crystal size distribution (Roggensack, 2001 ) and volatile contents varied between individual events of the 1974 eruption sequence, suggesting magma heterogeneity, but the 17 October 1974 event appeared to have been driven by a simple influx of fresh basaltic melt (Lloyd et al., 2013 (Lloyd et al., , 2014 ) with a S content up to 2500 ppm.
As will be examined in the following, atmospheric optical effects and physiochemical removal of atmospheric SO 2 can lead to significant underestimations of SO 2 amount retrieved from space. Firstly, satellite detection of volcanic SO 2 suffers from meteorological clouds and ash cover. Ash and cloud layers can alter the spectral signal measured by the sensor. The SO 2 load retrieved from IASI measurements can be severely underestimated if the SO 2 cloud is located within a meteorological cloud layer (Carboni et al., 2012) . Figs. 1b and S4 indicate dense cloud cover near the vent. Fig. S9 indicates ice formation. Downwind from the vent, cloud fractions of 1 for most of the pixels collocated with the plume dominated, with cloud top heights between 9 and over 12 km, retrieved from MODIS Aqua and Terra (Platnick et al., 2015) . Given the retrieved plume height, this indicates that parts of the SO 2 plume were within the meteorological cloud layer. Sensitivity tests with synthetic IASI spectra (Carboni et al., 2012) , assuming a 20 μm effective droplet radius, have shown that for optical depths (OD) of 1.0 (at 550 nm) SO 2 columns are underestimated by a factor of~2, while for OD of 5 (at 550 nm) SO 2 columns would be underestimated by a factor of~5. Optical densities retrieved from MODIS Aqua instrument indicate a minimum OD of 5 and localized maxima of 40 (Platnick et al., 2015) , which would make SO 2 undetectable for IASI. The MODIS OD have been retrieved for a wavelength of 1.6 μm (band 6). Mie backscattering calculations, assuming spherical droplets in air with an effective 20 μm radius, result in a decrease in extinction coefficient by only 19% when moving to 550 nm. Therefore, a minimum underestimation of SO 2 load by a factor of 5 for all plume pixels is adopted here (Table 2 ). Ash also yields underestimated SO 2 columns. For ash optical densities above 2.0 (for 550 nm wavelength and for 2 μm effective radius, which is within range of ash particle sizes of the Fuego 1974 eruption (Rose et al., 2008) ), the SO 2 load is underestimated by 50% and for optical depths N5 it is masked completely. Optical densities from MODIS Terra for the plume location are~0.3 (at 550 nm, Levy et al., 2015) , which suggests that light attenuation by ash has had an insignificant effect on SO 2 retrieval (Carboni et al., 2012) .
Secondly, atmospheric removal processes, such as SO 2 conversion into sulfate aerosol and scavenging mechanisms, can deplete part of the SO 2 originally emitted. Indeed, for the Fuego eruption, conversion of SO 2 into sulfate aerosol, H 2 SO 4 , and subsequent absorption of H 2 SO 4 into ash particles may have efficiently removed SO 2 from the plume, especially for older parts of the plume (Crafford, 1975; Rose, 1977; Oppenheimer et al., 1998; McGonigle et al., 2004) . Over 33% of S emitted during one of the pulses of the 1974 Fuego eruptive sequence was possibly removed in this way (Rose, 1977) . Since the 3 June 2018 eruption was ash rich the same order of magnitude of S could likely have been removed ( Table 2) .
The 1974 eruption occurred towards the end of the wet season (October), while the 2018 eruption occurred during the wet season; therefore, the atmosphere had a high moisture content. The GOES images (Fig. S4 in Supplementary materials) indicate water-or ice-rich clouds. The dew point of −9°C during the 1974 eruption versus −4°C during the 2018 eruption (http://www.ncdc.noaa.gov) suggests even higher moisture content during the 2018 eruption and liquid water within the plume. Sulfur species are only slightly soluble in liquid water, but may efficiently be incorporated into ice particles (Textor et al., 2003) . Entrainment of ambient water vapour is a crucial part of the development of an eruption plume. The high atmospheric moisture along with ash particles content therefore favoured creation of ice particles within the colder parts of the eruption column. Solid clusters of ash and hydrometeors may fall out and remove SO 2 from the plume (Herzog et al., 1998) . Numerical modeling of a volcanic eruption with similar volcanic parameters under tropical conditions yielded substantial ice formation from condensed cloud water droplets half an hour after eruption onset, between heights of 8 and 16 km (at SO 2 plume level), 2 km away from the eruption column, with the ice phase dominating over liquid cloud water (Herzog et al., 1998) . This scavenging by ice particles was likely another key S removal mechanism. Numerical modeling for an ideal Plinian eruption in a subtropical atmosphere yielded a 20% removal of S-species (Textor et al., 2003) , which yields a lower limit underestimation factor of SO 2 (Table 2) .
Overall, we quantified ash and cloud cover together with scavenging mechanisms to give rise to an underestimation of SO 2 atmospheric yield by an order of magnitude (Table 2 ) with respect to the value of 13 kt originally measured by IASI; hence the total SO 2 load emitted was likely at least~130 kt. The change in atmospheric SO 2 loading from 13 to 130 kt does not alter the value of MER computed by PLUME-MoM (MER depends on column height only), while it influences the estimate of magmatic S content and, potentially, DRE.
Considering 130 kt of SO 2 and 1.39 ± 0.33 kg s −1 of material erupted during the 2.5 h climactic phase, the magmatic S content was likely at least 500 ppm, while DRE remains equal to 0.04 km 3 (the total amount of S is still too low to have significant impact on DRE). Modeling results suggest the release of latent heat due to condensation of entrained water vapour to provide additional plume uplift (Herzog et al., 1998) . For large Plinian eruptions (MER N 10 7 kg s −1
), however, latent heat was found to be small compared to thermal energy of the plume (Woods, 1993) . Even though it may be relatively small, both models agree on the fact that additional plume uplift due to latent heat would take place. For a Plinian eruption in a tropical atmosphere an additional uplift of 1500 m is possible (Herzog et al., 1998) , which, using the empirical relationship between MER and plume height (Morton and Turner, 1956) would entail an MER overestimated and a S content underestimated by a factor of 1.6.
Thus, rather than 50 ppm (Table 1) , the S content of the 2018 Fuego eruption was likely between 500 and 800 ppm, possibly higher. This figure is in line with the lower limit of S concentrations found for the 1974 eruption (600-2500 ppm, Lloyd et al., 2013 Lloyd et al., , 2014 . From this after the beginning of the climactic phase. Differences between the two time-series, especially during the first hour, reflect the differences in the satellite datasets used to compute the fluxes. Indeed, differences between the SO 2 cloud as seen by MetOp-A and -B can be observed in Fig. 2. (b) Mean injection height time-series. The hollow circles mark minimum and maximum. The error bars are computed using the standard deviations shown in Fig. 3 . Values for MetOp-B have the same time instant as those for MetOp-A but are plotted staggered for better display. (c) Mass emission rate time-series obtained from PLUME-MoM (see Table S4 for values used). Shown is the MER with standard deviations and the cumulative solid mass erupted (triangles).
consideration we cannot exclude that the 2018 eruption may have been triggered by the influx of fresh basaltic magma similar to the 1974 eruption. However, in the light of Fuego's past eruptive behavior, below we propose an alternative triggering mechanism for the 3 June 2018 eruption coherent with a relatively low S content retrieved by our numerical/satellite analysis. The eruptive history of Fuego is characterized by occasional, largemagnitude (VEI 4) eruptions occurring every 40 to 70 years, e.g., in 1880 , 1932 , 1971 , and 1974 (Deger, 1932 Rose et al., 1978; Lyons et al., 2010) . These large-magnitude eruptions occur against a quasipermanent background of persistent Strombolian activity and ash-rich explosive eruptions (Lyons et al., 2010; Nadeau et al., 2011) . The most recent eruptive regime of Fuego began with a VEI 2 eruption on 21 May 1999 (Lyons et al., 2010; Waite et al., 2013) , and activity between that date and the present day has been dominated by persistent Strombolian activity and open-vent conditions. This activity is interspersed with frequent paroxysmal eruptions, producing ash-rich explosions and lava flows, with occasional pyroclastic flows (e.g., the paroxysmal eruption of 5 May 2017). Latest findings evidence a new phase of increased frequency in paroxysmal activity at Fuego since 2015 (Naismith et al., 2019) . The 3 June 2018 eruption was, both by DRE erupted volume and impact on surrounding populations, the largest paroxysmal eruption of the current eruptive regime. In DRE volume it is analogous to an individual event within the October 1974 eruptive cluster. Indeed, our estimate of 0.04 ± 0.01 km 3 DRE is in line with thẽ 0.02 km 3 DRE estimated by Rose et al. (2008) for the first pulse of the 1974 eruptive cycle. Thus, the 3 June 2018 eruption is comparable with the largest-magnitude eruptions that characterize Fuego's longer eruptive history. The events of 1974 have shown that Fuego is capable of producing a series of large-magnitude eruptions in a short time. However, although the 3 June 2018 eruption was dissimilar to previous paroxysms in the current eruptive regime in that it did not produce lava flows, this does not necessarily mean that this represents a change in the eruptive regime going forward. The large populations that live on Fuego's flanks are still vulnerable to future large-magnitude eruptions; continued monitoring of the volcano's activity, whether it continues in the same eruptive regime or not, is essential. The 3 June 2018 eruption began as a typical paroxysm at 12:00 UTC but then rapidly accelerated towards a~2.5 hour period climactic paroxysmal episode between 17:30 and 20:00 UTC, with a maximum SO 2 flux at least three orders of magnitude above quiescent levels (Fig. 2 , Rodríguez et al., 2004) . The estimated total DRE volume of around 0.04 km 3 (Table 1 ) compares well to the DRE of 0.02 km 3 that was estimated from one of the four events produced in the 1974 eruption sequence, which overall produced~0.1 km 3 of tephra and pyroclastic flow material (Riley et al., 2003; Rose et al., 2008) . The height of the eruptive column on 3 June was between 13 and 20 km (~17.5 km on average, Table 1 ). VAAC reported a plume height of~15 km in agreement of the present finding (VAAC, 2018). Lidar backscattering from CALIPSO acquired at 07:50 UTC (~5 h after IASI overpass) suggests a cloud between 16 and 18 km altitude (Fig. S9, Supplementary materials) . This height is comparable to the 13 to 17 km reported for the largest of the 1974 eruptions (Rose et al., 2008) . As in 1974, no extensive lava flow was produced, but large pyroclastic flows (Davies et al., 1978; Global Volcanism Program, 2018a, b) were generated. The proportion of the total DRE volume erupted as pyroclastic flows in the 3 June eruption is uncertain, but in volume is likely to be intermediate between the flows produced in the October 1974 eruptive cluster (e.g., 0.0039 km 3 on 14th October (Rose et al., 2008) ) and those produced in the September 1971 eruption (N0.06 km 3 (Rose et al., 1978) ) -noting in the case of the October 1974 cluster that the vast majority of erupted volume was as tephra (Davies et al., 1978) . The high rising eruptive column and the fairly constant mean injection height (Fig. 4b ) indicate a sustained steady eruption during the~2.5 h climactic paroxysmal phase. While a mild bell shape can be seen in the SO 2 flux (Fig. 4a) , this is also relatively constant during the paroxysmal phase. The development of the 3 June eruption is highly unusual for Fuego and requires some consideration. The eruption began with explosive activity, similar to that observed in Fuego's recent history, at 06:00 local time (12:00 UTC), producing an incandescent fountain and pyroclastic flows that descended the W flanks of Fuego. Unusually for recent fountains, the event did not appear to be preceded by lava flow effusion, although extremely poor visibility due to cloud could have obscured short lava flows on the upper flanks. What was particularly different about this eruption was its sudden acceleration, starting after 11:30 local time (17:30 UTC), producing a tall eruption column and a rapid series of pyroclastic flows directed towards the E flanks (Global Volcanism Program, 2018a, b) .
Significant variability in S content has been observed in previous eruptions, such as 1932 as versus 1974 as (Berlo et al., 2012 , and this may be interpreted as different degrees of shallow storage prior to eruption. If the 3 June eruption has not been triggered by influx of fresh basaltic magma, then alternatively, and in line with our relatively low bulk S content and steady eruption style, the June 3 paroxysm could have been powered by shallow magma which had lost much of its S, and whose powering volatile composition was probably rich in H 2 O (supported by a plume appearing water rich in Fig. S4 ) and potentially CO 2 fluxing from deeper in the plumbing system. We highlight the possibility that accumulated excess volatiles other than SO 2 could have triggered the eruption and a clearing of the volcanic throat (Allard et al., 2005) . Although this could be a viable mechanism, it remains a speculation. Petrological analysis of the deposits is required to independently constrain the original S content for magmas driving the June 2018 eruption (e.g., Wallace, 2001; Sigmarsson et al., 2013) , as well as the abundance of other major magmatic gases such as water vapour and CO 2 .
The cyclic activity pattern observed in Fuego involves the convolution of several processes associated with a continuous transition from opened to closed degassing evidenced by modulations on the flux of volatiles such as SO 2 (Rodríguez et al., 2004 ) and a pulsatory activity (Martin and Rose, 1981) . As water vapour exsolves from the rising, mainly basaltic magma, the crystal content increases and so does the viscosity of the magma (Caricchi et al., 2007) , which is further boosted by strong magma cooling due to gas expansion (La Spina et al., 2015) . Based on a water content of 5 wt% at depth, Lyons and Waite (2011) estimated an undercooling of 80 K near the surface, implying high crystal growth rates, which may be consistent with production of crystal-rich products observed from previous eruptions (Berlo et al., 2012) . However, a fast ascent rate such as that calculated for the 1974 eruption (Lloyd et al., 2014) may also inhibit crystallization as there may be insufficient time to crystallize (La Spina et al., 2015) . Detailed examination of the eruption products will help to elucidate the eruption process. A key question is what drives the transition to a paroxysmal phase from the relatively benign explosive activity that typifies Fuego. Perhaps a relatively small acceleration in eruption rate can reduce the time allowed for crystal growth to occur, entering into a positive feedback process where faster ascent produces fewer crystals, which leads to lower viscosity and still faster ascent. This could therefore trigger the paroxysmal phase, which then ends when the magma chamber is sufficiently emptied such that the pressure is reduced. Alternatively, a brittle seal in the upper part of the magma column could lead to a large pressure build-up followed by a rapid depressurization upon brittle failure of the sealing plug. A qualitatively similar cycling mechanism seems to occur at timescales of days (leading to small-scale explosive activity (Nadeau et al., 2011) ) up to at least years (Lyons and Waite, 2011) .
Conclusions and perspectives
Analysis of IASI satellite data provided essential eruption parameters, such as plume height, SO 2 flux time-series and magma sulfur content. These allowed initial insights into source mechanisms driving the eruption of Fuego from 3 June 2018 to be part of a~45-year cycle of high-energy eruptions that exhibit high erupted volumes, high rising eruptive columns and long reaching pyroclastic flows. The extraordinary eruption intensity of the 2018 eruption, appears to have been driven by magma with a minimum sulfur content of 500 ppm. This suggests a triggering mechanism similar to the 1974 eruption (influx of fresh magma). Challenging atmospheric conditions for satellite remote sensing meant that most of the SO 2 emitted was undetectable by IASI and only a lower limit S content could be determined. The lack of an upper limit on S content allows for the possibility of an eruption to be driven by shallow magma which had lost much of its S, and whose powering volatile composition could have been rich in H 2 O (supported by a plume appearing water rich) and potentially CO 2 fluxing from deeper in the plumbing system. Detailed petrological analysis of eruption products is needed to further elucidate the source mechanisms of the 3 June 2018 eruption of Fuego volcano.
With the onset of new, more powerful satellite remote sensing platforms in coming months and years to detect SO 2 (Theys et al., 2017) and potentially CO 2 , a relatively effortless detailed time-series of gas flux can be acquired using techniques such as PlumeTraj and HYSPLIT trajectory modeling, which allow timely interpretations of eruptive styles following explosive eruptions.
